In order to promote the development of ultra-supercritical technology, the optimum composition design of three new alumina-forming austenitic heat-resistant steels, based on Fe-22Cr-25Ni (wt. %), with low cost and excellent performance, and used for 700 • C ultra-supercritical unit was carried out using Thermo-Calc software. A comparison of the mechanical properties presented that with increasing Al content, the plasticity of the system was further improved. Based on the composition system, a systematic investigation regarding the structure stability, thermodynamic properties, and mechanical properties of these new steels was carried out to reveal possible strengthening and toughening mechanisms by employing the first-principles method. Calculation results showed that when Al existed in the Fe-Cr-Ni alloy system as a solid solution, the new structures were stable, especially under high temperature. The solution of Al and Al + Si could increase the value of B/G, namely improving the plasticity of the system, particularly in case of alloying with Al + Si. The inclusion of Si in the Fe-Cr-Ni-Al system was conducive to further improving the plasticity without affecting the strength, which provided references for the subsequent optimum composition design and performance regulation of alumina-forming austenitic heat-resistant steels.
Introduction
Environmental protection and energy conservation have been regarded as international issues in recent years. As one of the most important methods used to generate electricity, coal-fired thermal power generation often causes two key issues: environmental pollution and low thermal efficiency. Due to the increasing demands for electric power around the world, the development of clean and efficient coal-fired thermal power generation with lower fuel costs and lower emissions is being pursued in the medium-to long-term future [1] . The efficiency of electricity generation is positively related to the steam conditions (temperatures and pressures) [2] . However, increases in operating temperature and pressure present many challenges for materials with both excellent oxidation and mechanical properties. Conventional austenitic heat-resistant steels, such as HR3C, TP310HCbN, SUPER304H, and NF709, are commonly used in 600-650 • C ultra-supercritical (USC) conditions as superheater tubes and reactor pressure vessels with excellent high-temperature creep property and oxidation stability [3] [4] [5] [6] [7] . However, these steels face challenges in water-steam environments when the service temperature is higher than 650 • C, including the sharply deteriorated oxidation resistance caused by the formation According to the compositions of the three new AFA heat-resistant steels designed using Thermo-Calc software (Thermo-Calc Software 2015b, Solna, Sweden), experimental steels with different amounts of Al were prepared in a 50 kg vacuum induction furnace (DDVIF-50-120-2.5, Dongda Advanced Material Preparation Technology Engineering Research Center, Shenyang, China) using commercially pure elements, and named 1.5Al, 2.5Al, and 3.5Al steels. After melting and casting, the ingots were hot rolled to slap with a thickness of 20 mm. The alloys were eventually solution-treated at 1260 • C for 2 h, and subsequently water-quenched to eliminate precipitation of the second phase. The chemical compositions of the three new AFA steels were analyzed using an inductively coupled plasma (ICP) spectrometer (Agilent 7500, Agilent Technology, Palo Alto, CA, USA). The mechanical tensile tests were according to the GB/T228.1-2010 standard. The size of the test samples is shown in Figure 1 . Dog-bone-shaped specimens with a gauge cross section of 7 mm × 3.5 mm and a gauge length of 40 mm were cut from the solution-treated AFA steels using a wire-cut electrical discharge machine (DK7720, Huadong Automation Co., Ltd., Taizhou, China), and then the surface was polished to a mirror-like finish. The tensile tests were carried out on an Instron 5582 testing machine (Instron, Boston, MA, USA) at a strain rate of 2.5 × 10 −4 s −1 ; the corresponding loading rate was 0.6 mm/min. Moreover, three identical specimens were measured to ensure that accurate experimental data were obtained. First-principles calculations were performed using the Cambridge Serial Total Energy Package (CASTEP)CASTEP code based on density functional theory (DFT) [31] . The Perdew-Burke-Ernzerhof (PBE) functional within the generalized gradient approximation (GGA) was applied to describe the exchange-correlation potential [32] . The states of Fe 3d64s2, Cr 3d54s1, Ni 3d84s2, Al 3s23p1, and Si 3s23p2 were treated as valence states. Interactions between the valence electrons and the ionic cores were described by the Ultrasoft pseudopotentials. A kinetic cutoff energy of 500 eV was used for plane wave expansions. Finally, a uniform k-point grid of 4 × 4 × 7 for the Brillouin zone was used for all calculations [33] . In calculations, all atoms were fully relaxed until the convergence parameters satisfied the following conditions: total energy tolerance, 1.0 × 10 −5 eV/atom; maximum force tolerance, 0.3 eV/nm; maximal stress component, 0.03 GPa; and maximal displacement, 1 × 10 −4 nm. Using the current theoretical scheme, the calculated lattice constant (a) of the face-centered cubic (fcc) Fe solid was 3.44 Å, which was in good agreement with the previously reported values of 3.45 Å [34] and 3.43 Å [35] . The bulk modulus (B) was 348.51 GPa, the shear modulus (G) was 243. 34 GPa, and the Young's modulus (E) was 592.74 GPa, which were close to the values reported in another paper [34] , which reported the bulk modulus (B) 317 GPa, the shear modulus (G) 240 GPa, and the Young's modulus (E) 575 GPa. The good agreement in the crystal lattice constants and elastic modulus thereby validated the application of the methodology to study the structural stability and strengthening and toughening mechanisms.
Results and Discussion

Composition Optimum Design
Based on the Fe-22Cr-25Ni (wt. %) system, the optimum composition design of three new alumina-forming austenitic heat resistant steels by adjusting the proportion of alloy elements such as Nb, Al, Cu, and Si, which was carried out using Thermo-Calc software. The calculated chemical compositions of these new steels were Fe-22Cr-25Ni-0.45Nb-0.80Mn-2.75Cu-0.30Si-0.07C-(1.5, 2.5, 3.5)Al (wt. %). The equilibrium volume fractions of the phases, calculated as a function of the solution temperatures of the three new steels, are shown in Figure 2 . Al and Si mainly played the role of solid solution strengthening, while Nb and Cu mainly formed NbX (X = C, N) and copper nanoscale precipitation phases [24, 36, 37] . At wide high-temperature ranges, only single austenite phases were observed in the three new steels, without any other precipitation phases. This was beneficial for the hot rolling process. At lower temperatures, body-centered cubic (bcc) phases, σ phases, and M23C6 could precipitate in the new steels, which reduced the stability of the austenite phase. Specifically, the content of Al had a significant influence on the precipitation temperature and amount; the larger the content of Al, the higher the precipitated temperature region and larger the precipitated phase amounts. Fortunately, σ phases, the hardest and most brittle, precipitated mainly at 450-700 °C. The precipitation temperatures were all outside the range of the designed operating temperature. First-principles calculations were performed using the Cambridge Serial Total Energy Package (CASTEP)CASTEP code based on density functional theory (DFT) [31] . The Perdew-Burke-Ernzerhof (PBE) functional within the generalized gradient approximation (GGA) was applied to describe the exchange-correlation potential [32] . The states of Fe 3d 6 4s 2 , Cr 3d 5 4s 1 , Ni 3d 8 4s 2 , Al 3s 2 3p 1 , and Si 3s 2 3p 2 were treated as valence states. Interactions between the valence electrons and the ionic cores were described by the Ultrasoft pseudopotentials. A kinetic cutoff energy of 500 eV was used for plane wave expansions. Finally, a uniform k-point grid of 4 × 4 × 7 for the Brillouin zone was used for all calculations [33] . In calculations, all atoms were fully relaxed until the convergence parameters satisfied the following conditions: total energy tolerance, 1.0 × 10 −5 eV/atom; maximum force tolerance, 0.3 eV/nm; maximal stress component, 0.03 GPa; and maximal displacement, 1 × 10 −4 nm. Using the current theoretical scheme, the calculated lattice constant (a) of the face-centered cubic (fcc) Fe solid was 3.44 Å, which was in good agreement with the previously reported values of 3.45 Å [34] and 3.43 Å [35] . The bulk modulus (B) was 348.51 GPa, the shear modulus (G) was 243.34 GPa, and the Young's modulus (E) was 592.74 GPa, which were close to the values reported in another paper [34] , which reported the bulk modulus (B) 317 GPa, the shear modulus (G) 240 GPa, and the Young's modulus (E) 575 GPa. The good agreement in the crystal lattice constants and elastic modulus thereby validated the application of the methodology to study the structural stability and strengthening and toughening mechanisms.
Results and Discussion
Composition Optimum Design
Based on the Fe-22Cr-25Ni (wt. %) system, the optimum composition design of three new alumina-forming austenitic heat resistant steels by adjusting the proportion of alloy elements such as Nb, Al, Cu, and Si, which was carried out using Thermo-Calc software. The calculated chemical compositions of these new steels were Fe-22Cr-25Ni-0.45Nb-0.80Mn-2.75Cu-0.30Si-0.07C-(1.5, 2.5, 3.5)Al (wt. %). The equilibrium volume fractions of the phases, calculated as a function of the solution temperatures of the three new steels, are shown in Figure 2 . Al and Si mainly played the role of solid solution strengthening, while Nb and Cu mainly formed NbX (X = C, N) and copper nanoscale precipitation phases [24, 36, 37] . At wide high-temperature ranges, only single austenite phases were observed in the three new steels, without any other precipitation phases. This was beneficial for the hot rolling process. At lower temperatures, body-centered cubic (bcc) phases, σ phases, and M 23 C 6 could precipitate in the new steels, which reduced the stability of the austenite phase. Specifically, the content of Al had a significant influence on the precipitation temperature and amount; the larger the content of Al, the higher the precipitated temperature region and larger the precipitated phase amounts. Fortunately, σ phases, the hardest and most brittle, precipitated mainly at 450-700 • C. The precipitation temperatures were all outside the range of the designed operating temperature. According to the compositions designed above, the corresponding experimental steels were prepared in a vacuum induction furnace. In order to weaken the elements' segregation and reduce the harmful influence of precipitated phases, the steels were eventually solution-treated at 1260 °C for 2 h. The microstructures of the new AFA steels after solid solution treatment are presented in Figure 3 . It can be seen that all the matrices of the steels were composed of a single austenite phase. The analyzed chemical compositions of the new AFA steels, which were confirmed by an ICP spectrometer, are shown in Table 1 . 
Mechanical Properties
The stress-strain curves under room temperature are presented in Figure 4 . The tensile curves of the three steels were basically similar. For 1.5Al, 2.5Al, and 3.5Al steels, the average ultimate tensile strengths were 559.6 MPa, 561.8 MPa, and 569.8 MPa, respectively. The uniform elongations were 56.6%, 57.3%, and 60.2%, respectively. On the whole, with increased Al content, the strengths and plasticities of the three steels increased slightly. The strengths of our designed steels were close to those of the heat-resistant steels used in ultra-supercritical units at 600 °C [38] . The enhanced phase was mainly composed of niobium carbide, copper nanoscale precipitation phases, and another nanoscale precipitated phases, while other alloying elements, such as Cr, Ni, Al, and Si, mainly According to the compositions designed above, the corresponding experimental steels were prepared in a vacuum induction furnace. In order to weaken the elements' segregation and reduce the harmful influence of precipitated phases, the steels were eventually solution-treated at 1260 • C for 2 h. The microstructures of the new AFA steels after solid solution treatment are presented in Figure 3 . It can be seen that all the matrices of the steels were composed of a single austenite phase. The analyzed chemical compositions of the new AFA steels, which were confirmed by an ICP spectrometer, are shown in Table 1 . According to the compositions designed above, the corresponding experimental steels were prepared in a vacuum induction furnace. In order to weaken the elements' segregation and reduce the harmful influence of precipitated phases, the steels were eventually solution-treated at 1260 °C for 2 h. The microstructures of the new AFA steels after solid solution treatment are presented in Figure 3 . It can be seen that all the matrices of the steels were composed of a single austenite phase. The analyzed chemical compositions of the new AFA steels, which were confirmed by an ICP spectrometer, are shown in Table 1 . 
The stress-strain curves under room temperature are presented in Figure 4 . The tensile curves of the three steels were basically similar. For 1.5Al, 2.5Al, and 3.5Al steels, the average ultimate tensile strengths were 559.6 MPa, 561.8 MPa, and 569.8 MPa, respectively. The uniform elongations were 56.6%, 57.3%, and 60.2%, respectively. On the whole, with increased Al content, the strengths and plasticities of the three steels increased slightly. The strengths of our designed steels were close to those of the heat-resistant steels used in ultra-supercritical units at 600 °C [38] . The enhanced phase was mainly composed of niobium carbide, copper nanoscale precipitation phases, and another nanoscale precipitated phases, while other alloying elements, such as Cr, Ni, Al, and Si, mainly 
The stress-strain curves under room temperature are presented in Figure 4 . The tensile curves of the three steels were basically similar. For 1.5Al, 2.5Al, and 3.5Al steels, the average ultimate tensile strengths were 559.6 MPa, 561.8 MPa, and 569.8 MPa, respectively. The uniform elongations were 56.6%, 57.3%, and 60.2%, respectively. On the whole, with increased Al content, the strengths and plasticities of the three steels increased slightly. The strengths of our designed steels were close to those of the heat-resistant steels used in ultra-supercritical units at 600 • C [38] . The enhanced phase was mainly composed of niobium carbide, copper nanoscale precipitation phases, and another nanoscale precipitated phases, while other alloying elements, such as Cr, Ni, Al, and Si, mainly stabilized the austenite phases and strengthen by solid solution. There have been many studies on the precipitated phase of niobium carbide and copper nanoscale precipitation phases [19, 24, 36, 37, 39] . These precipitated phases were also relatively stable under service conditions. While the roles of alloying elements in the austenite matrix were lacking for these new AFA heat-resistant steels, the mechanism at the atomic level was particularly unclear. Therefore, it is necessary to make a pertinent study of the effects of various elements on the structure and mechanical properties of the austenite matrix, especially the action mechanism of Al.
Metals 2019, 9, x FOR PEER REVIEW  5 of 16 stabilized the austenite phases and strengthen by solid solution. There have been many studies on the precipitated phase of niobium carbide and copper nanoscale precipitation phases [19, 24, 36, 37, 39] . These precipitated phases were also relatively stable under service conditions. While the roles of alloying elements in the austenite matrix were lacking for these new AFA heat-resistant steels, the mechanism at the atomic level was particularly unclear. Therefore, it is necessary to make a pertinent study of the effects of various elements on the structure and mechanical properties of the austenite matrix, especially the action mechanism of Al. 
Structure Stability and Strengthening and Toughening Mechanisms
The above experimental results indicated that the matrix austenite phases of the three new AFA heat-resistant steels were mainly composed of Cr, Ni, Al, and Si. In this section, the effects of these alloy elements on the structure stabilities, thermodynamic properties, and mechanical properties of the three new steels were thoroughly investigated to reveal possible strengthening and toughening mechanisms at the atomic scale.
Calculation Models
As an austenitic stainless steel, Fe crystallizes in the fcc structure. In order to keep up the fcc crystal lattice periodicity, an expanded lattice cell with 16 metallic atoms (supercell: 2 × 2 × 1), Fe8Cr4Ni4, was chosen for the calculations corresponding to the composition of Fe-22Cr-25Ni (wt. %). In the case of the new AFA heat-resistant steels, Al and Si atoms were introduced into the systems by replacing Fe atoms, corresponding to Fe7Cr4Ni4Al, Fe6Cr4Ni4Al2, Fe5Cr4Ni4Al3, and Fe6Cr4Ni4AlSi; all crystals belonging to the same space group (tetragonal system). The models are shown in Figure  5 . The grey spheres represent Fe atoms, blue spheres are Cr atoms, pink spheres stand for Ni atoms, green spheres stand for Al atoms, and yellow spheres correspond to Si atoms. Using the equilibrium structure, the elastic constants and modulus of different systems were calculated through the stressstrain method based on a generalized Hooke's Law [40] : σij = Cijklεkl, where σij is the tensile stress and εkl is the longitudinal strain. The thermodynamic properties of the considered system under high temperatures were calculated based on the frequency analysis. 
Structure Stability and Strengthening and Toughening Mechanisms
Calculation Models
As an austenitic stainless steel, Fe crystallizes in the fcc structure. In order to keep up the fcc crystal lattice periodicity, an expanded lattice cell with 16 metallic atoms (supercell: 2 × 2 × 1), Fe 8 Figure 5 . The grey spheres represent Fe atoms, blue spheres are Cr atoms, pink spheres stand for Ni atoms, green spheres stand for Al atoms, and yellow spheres correspond to Si atoms. Using the equilibrium structure, the elastic constants and modulus of different systems were calculated through the stress-strain method based on a generalized Hooke's Law [40] : σ ij = C ijkl ε kl , where σ ij is the tensile stress and ε kl is the longitudinal strain. The thermodynamic properties of the considered system under high temperatures were calculated based on the frequency analysis. 
Structural Stability
The energetic relative stabilities of Fe8Cr4Ni4, Fe7Cr4Ni4Al, Fe6Cr4Ni4Al2, Fe5Cr4Ni4Al3, and Fe6Cr4Ni4AlSi can be discussed considering our calculations. The formation energies of different systems can be defined by Equation (1):
where Etotal is the calculated total energy of the system, Ni denotes the number of atomic species i (i = Fe, Cr, Ni, Al, or Si) in the unit cell, and Eatom is the energy per atom i at their most stable state (pure constituents). The pure constituents of Fe (fcc), Cr (bcc), Ni (fcc), Al (fcc), and Si (diamond structure) were used to calculate the forming energy. When Ef is negative, it indicates that the system is easy to form, i.e., a spontaneous process, and the greater the absolute value, the easier it is to form. On the contrary, when Ef is positive, it means that the system is not easy to form, and the formation process is a process that absorbs energy. The calculated formation energies are presented in Figure 6a . It is worth noting that the formation energies were all negative, which showed that these systems were easily crystallized. As different contents of Al were introduced to the Fe8Cr4Ni4 system, the values of Fe7Cr4Ni4Al, Fe6Cr4Ni4Al2, and Fe5Cr4Ni4Al3 were lower than that of Fe8Cr4Ni4, which indicated that the substitution element Al was easy to dissolve in the Fe8Cr4Ni4 system. With an increasing number of introduced Al atoms, the formation energy became much smaller, showing that these alloys became much more easily crystallized. As Al and Si were introduced into the system simultaneously, the value of Ef was lower than for of Fe8Cr4Ni4 and Fe7Cr4Ni4Al, which indicated that the coordination of Si and Al was easier to dissolve in the austenite phases.
To further understand the structural stability of the different systems, we calculated their bonding energies, defined as Equation (2):
where E is the energy of isolated atom i (i = Fe, Cr, Ni, Al, or Si). The total energies of isolated atoms were calculated by putting a Fe, Cr, Ni, Al, or Si atom in the middle of a lattice constant of a 10 Å cubic unit cell and taking values from the CASTEP output files directly. The term "bonding energy" refers to the energy that is released upon the creation of a bound state and which is used to compare the relative stabilities of structural properties. A negative value of bonding energy indicates that the structure is stable. The greater the absolute value, the more stable the structure is, and the stronger the ability to resist external damage will be. To a certain extent, the bonding energy has a 
The energetic relative stabilities of Fe 8 (1):
where E total is the calculated total energy of the system, N i denotes the number of atomic species i (i = Fe, Cr, Ni, Al, or Si) in the unit cell, and E atom is the energy per atom i at their most stable state (pure constituents). The pure constituents of Fe (fcc), Cr (bcc), Ni (fcc), Al (fcc), and Si (diamond structure) were used to calculate the forming energy. When E f is negative, it indicates that the system is easy to form, i.e., a spontaneous process, and the greater the absolute value, the easier it is to form. On the contrary, when E f is positive, it means that the system is not easy to form, and the formation process is a process that absorbs energy. The calculated formation energies are presented in Figure 6a . It is worth noting that the formation energies were all negative, which showed that these systems were easily crystallized. As different contents of Al were introduced to the Fe 8 Cr 4 Ni 4 system, the values of Fe 7 Cr 4 Ni 4 Al, Fe 6 Cr 4 Ni 4 Al 2 , and Fe 5 Cr 4 Ni 4 Al 3 were lower than that of Fe 8 Cr 4 Ni 4 , which indicated that the substitution element Al was easy to dissolve in the Fe 8 Cr 4 Ni 4 system. With an increasing number of introduced Al atoms, the formation energy became much smaller, showing that these alloys became much more easily crystallized. As Al and Si were introduced into the system simultaneously, the value of E f was lower than for of Fe 8 Cr 4 Ni 4 and Fe 7 Cr 4 Ni 4 Al, which indicated that the coordination of Si and Al was easier to dissolve in the austenite phases.
where E i iso is the energy of isolated atom i (i = Fe, Cr, Ni, Al, or Si). The total energies of isolated atoms were calculated by putting a Fe, Cr, Ni, Al, or Si atom in the middle of a lattice constant of a 10 Å cubic unit cell and taking values from the CASTEP output files directly. The term "bonding energy" refers to the energy that is released upon the creation of a bound state and which is used to Metals 2019, 9, 921 7 of 16 compare the relative stabilities of structural properties. A negative value of bonding energy indicates that the structure is stable. The greater the absolute value, the more stable the structure is, and the stronger the ability to resist external damage will be. To a certain extent, the bonding energy has a positive correlation with the bulk modulus. The greater the absolute value of the bonding energy, the greater the bulk modulus [41] . The calculated bonding energies are shown in Figure 6b . It was clearly seen that all bonding energies were negative, which indicated that these solid solutions were structurally stable. As different contents of Al were introduced to the Fe 8 Cr 4 Ni 4 system, the bonding energy values increased slightly, which indicated that the bonding between different atoms became weaker, finally decreasing the stability of the structure. With an increasing number of introduced Al atoms, the bonding energy values of the Fe-Cr-Ni-Al systems became larger, showing that these alloys became less stable and the interactions between atoms in the structures became much weaker. As Al and Si were introduced into the system simultaneously, the value of E b was close to that of positive correlation with the bulk modulus. The greater the absolute value of the bonding energy, the greater the bulk modulus [41] . The calculated bonding energies are shown in Figure 6b . It was clearly seen that all bonding energies were negative, which indicated that these solid solutions were structurally stable. As different contents of Al were introduced to the Fe8Cr4Ni4 system, the bonding energy values increased slightly, which indicated that the bonding between different atoms became weaker, finally decreasing the stability of the structure. With an increasing number of introduced Al atoms, the bonding energy values of the Fe-Cr-Ni-Al systems became larger, showing that these alloys became less stable and the interactions between atoms in the structures became much weaker. As Al and Si were introduced into the system simultaneously, the value of Eb was close to that of Fe7Cr4Ni4Al. However, the values of Eb were all scaled between −10.0 and −8.5 eV/atom, showing that the structures were also very stable. 
Thermodynamic Stability
Thermodynamic properties are used to describe the structural stabilities of different systems with elevated temperatures, especially the Gibbs free energy. The calculated Gibbs free energies of different structures as a function of temperature from 0 to 1000 K are shown in Figure 7 . It was found that the value of the Gibbs free energy gradually decreased, and the difference between different systems was very small. Comparing the Gibbs free energies of different structures at the same temperature, the Gibbs free energy of Fe8Cr4Ni4 was the smallest, then Fe7Cr4Ni4Al, Fe6Cr4Ni4AlSi, Fe6Cr4Ni4Al2, and finally, Fe5Cr4Ni4Al3. As we know, the smaller the value of the Gibbs free energy, the better the thermal stability of the system [42, 43] . A negative Gibbs free energy indicates that the structural stability exists; while a positive Gibbs free energy indicates that structural instability exists. Hence, the calculated results showed that the thermal stability of these structures gradually increased and the stable existing temperature gradually increased with elevated temperature in the order of Fe7Cr4Ni4Al, Fe6Cr4Ni4AlSi, Fe6Cr4Ni4Al2, and Fe5Cr4Ni4Al3. The results showed that the addition of Al and Si weakened the thermal stability of the Fe8Cr4Ni4 system slightly. The results were in good agreement with the bonding energy analyses in Figure 6b . 
Thermodynamic properties are used to describe the structural stabilities of different systems with elevated temperatures, especially the Gibbs free energy. The calculated Gibbs free energies of different structures as a function of temperature from 0 to 1000 K are shown in Figure 7 . It was found that the value of the Gibbs free energy gradually decreased, and the difference between different systems was very small. Comparing the Gibbs free energies of different structures at the same temperature, the Gibbs free energy of Fe 8 Cr 4 Ni 4 was the smallest, then Fe 7 Cr 4 Ni 4 Al, Fe 6 Cr 4 Ni 4 AlSi, Fe 6 Cr 4 Ni 4 Al 2 , and finally, Fe 5 Cr 4 Ni 4 Al 3 . As we know, the smaller the value of the Gibbs free energy, the better the thermal stability of the system [42, 43] . A negative Gibbs free energy indicates that the structural stability exists; while a positive Gibbs free energy indicates that structural instability exists. Hence, the calculated results showed that the thermal stability of these structures gradually increased and the stable existing temperature gradually increased with elevated temperature in the order of 
Mechanical Properties
Except for in the energy favorable condition, mechanical stability is also a necessary condition to examine the feasibility of crystal existence. The criteria of mechanical stability can be evaluated by single-crystal elastic constants according to the Born-Huang criterion, which is dependent on the crystal system. For the different crystal structures, the criteria of the mechanical stability are given as follows [44] : (i) C11 > 0, C44 > 0, C11 > |C12|, and C11 + 2C12 > 0 for cubic crystals; (ii) C11 > 0, C44 > 0, C11 > C12, and (C11 + 2C12)C33-C12 2 > 0 for hexagonal crystals; (iii) C11 > 0, C22 > 0, C33 > 0, C44 > 0, C55 > 0, C66 > 0, C11 + C22 + C33 + 2(C12 + C13 + C23) > 0, C11 + C22-2C12 > 0, C11 + C33-2C13 > 0, and C22 + C33-2C23 > 0 for orthorhombic crystals; (iv) C11 > 0, C33 > 0, C44 > 0, C66 > 0, C11-C12 > 0, C11 + C33-2C12 > 0, and 2(C11 + C12) +C33 + 4C13 > 0 for tetragonal crystals. In our calculations, all crystals were tetragonal crystals. The calculated elastic constants Cij for the different structures re listed in Table 2 . They showed that all calculated systems were stable according to the mechanical stability criteria. In general, all of the mechanically stable phases showed relatively higher values of C11, C22, and C33 than that of C44, indicating relatively higher incompressibility along the a-, b-, and c-axes. Compared with single-crystal elastic properties, polycrystalline elastic properties (such as bulk modulus, shears modulus, Young's modulus and Poisson's ratio) usually have a higher practical application value. In order to better demonstrate the mechanical properties of polycrystalline Fe-Cr-Ni-Al(Si) systems, the bulk modulus (B) and shear modulus (G) were first calculated from the singlecrystal elastic constants using the Voight-Reuss-Hill (VRH) average scheme [45] . 
Except for in the energy favorable condition, mechanical stability is also a necessary condition to examine the feasibility of crystal existence. The criteria of mechanical stability can be evaluated by single-crystal elastic constants according to the Born-Huang criterion, which is dependent on the crystal system. For the different crystal structures, the criteria of the mechanical stability are given as follows [44] : (i) C 11 > 0, C 44 > 0, C 11 > |C 12 |, and C 11 + 2C 12 > 0 for cubic crystals; (ii) C 11 > 0, C 44 > 0, C 11 > C 12 , and (C 11 + 2C 12 )C 33 -C 12 2 > 0 for hexagonal crystals; (iii) C 11 > 0, C 22 > 0, C 33 > 0, C 44 > 0, C 55 > 0, C 66 > 0, C 11 + C 22 + C 33 + 2(C 12 + C 13 + C 23 ) > 0, C 11 + C 22 -2C 12 > 0, C 11 + C 33 -2C 13 > 0, and C 22 + C 33 -2C 23 > 0 for orthorhombic crystals; (iv) C 11 > 0, C 33 > 0, C 44 > 0, C 66 > 0, C 11 -C 12 > 0, C 11 + C 33 -2C 12 > 0, and 2(C 11 + C 12 ) +C 33 + 4C 13 > 0 for tetragonal crystals. In our calculations, all crystals were tetragonal crystals. The calculated elastic constants C ij for the different structures re listed in Table 2 . They showed that all calculated systems were stable according to the mechanical stability criteria. In general, all of the mechanically stable phases showed relatively higher values of C 11 , C 22 , and C 33 than that of C 44 , indicating relatively higher incompressibility along the a-, b-, and c-axes. Compared with single-crystal elastic properties, polycrystalline elastic properties (such as bulk modulus, shears modulus, Young's modulus and Poisson's ratio) usually have a higher practical application value. In order to better demonstrate the mechanical properties of polycrystalline Fe-Cr-Ni-Al(Si) systems, the bulk modulus (B) and shear modulus (G) were first calculated from the single-crystal elastic constants using the Voight-Reuss-Hill (VRH) average scheme [45] .
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The Young's modulus (E) and Poisson's ratio (ν) of these structures could then be obtained by the following equations.
With the bulk modulus and shear modulus, the macroscopic mechanical properties of different systems, such as hardness, brittleness, and toughness, could be evaluated. The Vickers hardness of different systems could be calculated by the following equation [46] :
where K = B/G. According to the empirical Pugh formula, the B/G ratio is a good indicator used to distinguish a material is brittle or ductile [47] , and the critical value which separates ductile and brittle materials is approximately 1.75. Ductile materials should meet B/G > 1.75, while values below that indicate brittleness. Due to the anisotropy of active materials, micro-cracks could be induced in austenitic stainless steels during the practical engineering application process. To study the influence of single-crystal elastic anisotropy on their mechanical properties, we calculated the elastic anisotropy of different systems using the Zener's anisotropy parameter A Z [46] :
All calculated mechanical properties are summarized in Figure 8a , which shows the elastic modulus of different systems. The bulk modulus B and shear modulus (G) of Fe 8 Cr 4 Ni 4 were found to be in the order of 250.40 GPa and 397.73 GPa; these values agreed to a large extent with those reported in Reference [34, 48] . It was found that as different contents of Al atoms were introduced into the Fe 8 Cr 4 Ni 4 system, the bulk modulus (B), the shear modulus (G), and Young's modulus (E) all decreased slightly, demonstrating the weaker tendency of the resistant ability to deformation and the increased elasticity and compressibility in the structures. When increasing the number of introduced Al atoms, the bulk modulus (B), shear modulus (G), and Young's modulus (E) of Fe-Cr-Ni-Al systems seemed to be more sensitive to the Al content; the elastic constants became smaller, showing that the elasticity and compressibility of these alloys became much greater. As Al and Si were introduced into the system simultaneously, the bulk modulus (B), shear modulus (G), and Young's modulus (E) of the Fe 6 Cr 4 Ni 4 AlSi system became smaller, indicating that the synergistic effect of Si and Al was more pronounced.
The calculated Vickers hardness of different systems is shown in Figure 8b . Fe 8 Cr 4 Ni 4 had the highest hardness, 20.31 GPa, among these structures [49] . It could be seen that our calculated results were in good agreement with previously experimental results. As Al and Al + Si atoms were introduced into the Fe 8 Cr 4 Ni 4 systems, the hardness values became lower, showing that the strengths of these materials became weakened, and with increasing Al contents, the hardness values were much lower. The hardness results were in good agreement with the elastic constant analyses in Figure 8a .
Poisson's ratio is a measure of the expansion of a material when it is compressed in the transverse direction, and is sometimes used as an approximate measure of plastic ductility. Figure 8c shows the Poisson's ratios of different systems. As Al and Al + Si atoms were introduced into the Fe 8 Cr 4 Ni 4 systems, the Poisson's ratio generally increased, indicating an increase of plasticity and metallicity in these new structures. As the Al content increased, the Poisson's ratios of the Fe-Cr-Ni-Al systems also increased, demonstrating the greater plastic ductility. elongations of the three AFA steels (56.6%, 57.3%, and 60.2%).
The degree of deviation of Zener's anisotropy parameter from unity 1 indicates the degree of elastic anisotropy. As shown in Figure 8e , a high degree of elastic anisotropy was found in Fe8Cr4Ni4 with A = 2.34, while, as Al and Al + Si atoms were introduced into the Fe8Cr4Ni4 system, the values of AZ became larger, indicating more anisotropy. With increasing Al contents, the values of AZ of the Fe-Cr-Ni-Al systems also increased, and the Fe5Cr4Ni4Al3 had the largest value (10.51), showing the most anisotropy. The B/G ratio is a good indicator as to whether a material is brittle or ductile. Values above 1.75, the threshold value, indicate ductility, while values below indicate brittleness. It can be seen in Figure 8d that the values of B/G were less than 1.75 (the purple line) for Fe 8 Cr 4 Ni 4 system, thus, it was a brittle material. As Al and Al + Si atoms were introduced into the Fe 8 Cr 4 Ni 4 system, the values of B/G increased, and the calculated ratio B/G was 1.94 for Fe 6 Cr 4 Ni 4 AlSi, corresponding to ductile behavior. Similarly, as the Al content increased, the values of B/G (1.57, 1.61, and 1.93) increased and the calculated ratio B/G was 1.93 for Fe 5 Cr 4 Ni 4 Al 3 , corresponding to ductile behavior. The results indicated that Al and Al + Si atoms could improve the plasticity and ductility of the Fe-Cr-Ni system, and the steel with Al + Si showed the most prominent effect; with increasing Al contents, the effect become more obvious. The results of B/G were in good agreement with the experimental data of elongations of the three AFA steels (56.6%, 57.3%, and 60.2%).
The degree of deviation of Zener's anisotropy parameter from unity 1 indicates the degree of elastic anisotropy. As shown in Figure 8e , a high degree of elastic anisotropy was found in Fe 8 Cr 4 Ni 4 with A = 2.34, while, as Al and Al + Si atoms were introduced into the Fe 8 Cr 4 Ni 4 system, the values of A Z became larger, indicating more anisotropy. With increasing Al contents, the values of A Z of the Fe-Cr-Ni-Al systems also increased, and the Fe 5 Cr 4 Ni 4 Al 3 had the largest value (10.51) , showing the most anisotropy.
Electronic Properties
To further understand the nature of the structural stabilities and mechanical properties of the five different structures, the electronic properties were also analyzed. Charge density distribution can reflect the bonding characteristics between atoms. Figure 9 displays the charge density distribution maps of Fe 8 4 , the valence charge densities were distributed uniformly around the Fe, Cr, and Ni atoms, and the near-spherical charge density represented the metallic bonds. As Al atoms were added into the Fe 8 Cr 4 Ni 4 system, it was seen that the area with lower electron density (the orange area) around the substitutional Al atoms became larger. With an increase of Al content, the area with lower electron density around the Al atoms became much larger, and the bonding strengths were gradually weakened. As Al and Si were introduced into the system simultaneously, the area with lower electron density around the substitutional Al and Si atoms became larger than Fe 7 Cr 4 Ni 4 Al. Fe 6 Cr 4 Ni 4 AlSi showed the most obvious change. These phenomena suggested that there were significant depletions of charges around substitutional Al and Si atoms in these new systems, indicating that the bonding strengths, structural stabilities, and mechanical strengths became weakened. In summary, the charge density distribution results were accordant with those of the above structural stability and mechanical property analyses.
Metals 2019, 9, x FOR PEER REVIEW 11 of 16
To further understand the nature of the structural stabilities and mechanical properties of the five different structures, the electronic properties were also analyzed. Charge density distribution can reflect the bonding characteristics between atoms. Figure 9 displays the charge density distribution maps of Fe8Cr4Ni4, Fe7Cr4Ni4Al, Fe6Cr4Ni4Al2, Fe5Cr4Ni4Al3, and Fe6Cr4Ni4AlSi. For Fe8Cr4Ni4, the valence charge densities were distributed uniformly around the Fe, Cr, and Ni atoms, and the nearspherical charge density represented the metallic bonds. As Al atoms were added into the Fe8Cr4Ni4 system, it was seen that the area with lower electron density (the orange area) around the substitutional Al atoms became larger. With an increase of Al content, the area with lower electron density around the Al atoms became much larger, and the bonding strengths were gradually weakened. As Al and Si were introduced into the system simultaneously, the area with lower electron density around the substitutional Al and Si atoms became larger than Fe7Cr4Ni4Al. Fe6Cr4Ni4AlSi showed the most obvious change. These phenomena suggested that there were significant depletions of charges around substitutional Al and Si atoms in these new systems, indicating that the bonding strengths, structural stabilities, and mechanical strengths became weakened. In summary, the charge density distribution results were accordant with those of the above structural stability and mechanical property analyses. We investigated the electrochemical stabilities of the different structures mentioned above by analyzing the total density of states (TDOS), as shown in Figure 10a . These structures showed very similar patterns. The finite and non-zero values of TDOS at the Fermi level indicated the metallic character of these structures. As we know, electrochemical stability is closely related to the number of electrons at the Fermi level; fewer electrons implies that higher electrochemical stability and a more stable structure. TDOS analysis suggested that the numbers of electrons at the Fermi level had significant changes with the addition of Al and Al + Si atoms. As different contents of Al were introduced to the Fe8Cr4Ni4 system, the numerical values decreased for Fe7Cr4Ni4Al (20.8 electrons/eV), Fe6Cr4Ni4Al2 (19.4 electrons/eV), and Fe5Cr4Ni4Al3 (18.1 electrons/eV), which indicated that as Al atoms were added into the Fe8Cr4Ni4 system, the electron densities were decreased and the electrochemical stabilities were enhanced. With increasing Al contents, the numbers of electrons at We investigated the electrochemical stabilities of the different structures mentioned above by analyzing the total density of states (TDOS), as shown in Figure 10a . These structures showed very similar patterns. The finite and non-zero values of TDOS at the Fermi level indicated the metallic character of these structures. As we know, electrochemical stability is closely related to the number of electrons at the Fermi level; fewer electrons implies that higher electrochemical stability and a more stable structure. TDOS analysis suggested that the numbers of electrons at the Fermi level had significant changes with the addition of Al and Al + Si atoms. As different contents of Al were introduced to the (18. 1 electrons/eV), which indicated that as Al atoms were added into the Fe 8 Cr 4 Ni 4 system, the electron densities were decreased and the electrochemical stabilities were enhanced. With increasing Al contents, the numbers of electrons at the Fermi level became much smaller, and the electron densities were decreased and the electrochemical stabilities were enhanced. As Al and Si were introduced into the system simultaneously, the numerical value decreased for Fe 6 Cr 4 Ni 4 AlSi (19.4 electrons/eV), lower than that of Fe 7 Cr 4 Ni 4 Al (20.8 electrons/eV). These results indicated that as Al and Al + Si atoms were added into the Fe 8 Cr 4 Ni 4 system, the electron densities decreased and the electrochemical stabilities were enhanced. 
Conclusions
On the basis of a Fe-22Cr-25Ni (wt. %) system, the optimum composition design of three new AFA heat resistant steels was carried out by adjusting the proportion of Nb, Al, Cu, and Si using Thermo-Calc software. Based on the composition system, a systematic investigation regarding the structural stability, thermodynamic properties, and mechanical properties of these new steels was The partial densities of states (PDOS) of the different systems are shown in Figure 10b -f. For Fe 8 Cr 4 Ni 4 , it was clearly seen that the part of TDOS below the Fermi level was mainly contributed to by Fe 3d, Cr 3d, and Ni 3d electrons, while the part of TDOS above the Fermi level was mainly occupied by Fe 3d and Cr 3d electrons. With the introduction of Al and Si atoms into the system, the Al-Fe (or Al-Cr, Al-Ni, Si-Fe, Si-Cr, Si-Ni) interactions were relatively weak because of the lack of overlap between the PDOS of Al and Fe (Cr, Ni) atoms (or Si and Fe atoms). The pseudo-gap is defined as the trough of the Fermi level, where there are two peaks of the density of state (DOS) at each side of the non-zero Fermi level. There are two mechanisms for the formation of the pseudo-gap in alloys. One is ionic origin and the other is due to hybridization effects [50] [51] [52] [53] . The wider the splitting shape of the pseudo-gap, the stronger the hybridization effects [51, 52] . As can be seen from Figure 8b , the pseudo-gap for Fe 8 Cr 4 Ni 4 was exactly at the Fermi level and was the widest among the five structures, so the hybridization effect between Fe 3d, Cr 3d, and Ni 3d electrons was the strongest, which indicated the most stable structure and the largest elastic modulus [51] . As Al and Si atoms were added into the Fe 8 Cr 4 Ni 4 system, the pseudo-gaps became smaller and the hybridization effect between Fe 3d, Cr 3d, and Ni 3d electrons became weaker. With increasing Al contents, the pseudo-gaps became much smaller and the hybridization effect between Fe 3d, Cr 3d, and Ni 3d electrons became weaker. For Fe 5 Cr 4 Ni 4 Al 3 and Fe 6 Cr 4 Ni 4 AlSi, the pseudo-gap had disappeared, showing that the hybridization effects between Fe 3d, Cr 3d, and Ni 3d electrons had reached the minimum and the bond interactions were the weakest, which further resulted in their lowest strength but greatest plasticity and the ductility. The results were in accordance with those of the above analyses.
On the basis of a Fe-22Cr-25Ni (wt. %) system, the optimum composition design of three new AFA heat resistant steels was carried out by adjusting the proportion of Nb, Al, Cu, and Si using Thermo-Calc software. Based on the composition system, a systematic investigation regarding the structural stability, thermodynamic properties, and mechanical properties of these new steels was carried out by employing the first-principles method to reveal possible strengthening and toughening mechanisms at the atomic scale. A comparison of the mechanical properties revealed that with increasing Al content, the plasticity of the system was further improved. The calculated formation energies, bonding energies, and Gibbs free energies indicated that Al and Al + Si were easy to dissolve in Fe 8 Cr 4 Ni 4 systems and that the structures were all stable, especially under high temperatures.
A comparison of the mechanical properties showed that the solutions of Al and Al + Si could increase the value of B/G, i.e., improve the plasticity of the system, particularly in the case of alloying with Al + Si. The calculated results were in good agreement with the experimental tensile test results. The electronic structure and DOS analysis showed excellent consistency with the computation results of the energy and mechanical properties analyses. Above all, the inclusion of Si in the Fe-Cr-Ni-Al system was conducive to further improving the plasticity without affecting the strength, which can provide reference for the subsequent optimum composition design and performance regulation of AFA heat-resistant steels. 
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